tion by Mad may only play a subordinate role.
Figure 1. The Dpp Signaling Gradient Determines the Profile of brk Expression, Which in Turn Defines the Activity States of Dpp Target Genes (A-C) Confocal sections of wing discs are shown (dorsal up, anterior to the left). brk expression is visualized by means of the brk-lacZ reporter X47 in wild-type (A) and when Dpp signaling is downregulated by expressing the inhibitory Smad Daughters against dpp (Dad, [B and C]).
The low-level ubiquitous C765-Gal4 line was used to induce a UAS-dad transgene, which results in a shallower, and hence better detectable, brk gradient. Below each panel our interpretation is shown in the form of diagrams, which indicate the inverse relation between Dpp signaling levels (red) and brk expression levels (blue).
(D-G) Different Brk levels define distinct combinations of target gene expression. (D) Wild-type expression patterns of the Dpp target genes
sal (in green) and omb (in red) are shown in wing primordia. (E) High levels of ectopic Brk expression were obtained with dpp-Gal4 UAS-brk. These levels of Brk repress the expression of both sal (E, left) and omb (E, right). The domain of dpp-Gal4 activity is broader than the domain of endogenous dpp expression, hence the widespread effect in the anterior compartment. dpp-Gal4, rather than actin5cϾGal4-expressing clones, was used in this experiment to drive UAS-brk expression, because clones ectopically expressing substantial levels of brk rapidly undergo apoptosis in the wing pouch epithelium. (F and G) Low levels of ectopic Brk were obtained with a tubulin␣1ϾCD2Ͼbrk construct. Clones expressing brk under the tubulin␣1 promoter (tubϾbrk) are marked by the absence of CD2 staining (in green). In such clones, sal expression is repressed (F), but omb expression is unaffected (G).
Here, we provide strong support for this view by studysulting inverse expression gradient of nuclear Brk protein has the capacity to differentially regulate omb and ing the role and establishment of the Brk gradient. We find that the output of Dpp signaling and the action of sal. Our results provide the molecular framework for a mechanism in which the extracellular Dpp gradient is the zinc finger protein Schnurri (Shn), both of which have been implicated by genetic means in the regulation of converted into primary nuclear outputs via the generation of an inverse transcriptional gradient of brk by brk ( signaling. We scanned the 20 kb region between the Minami et al., 1999). In leg and wing imaginal discs, brk transcription unit and its upstream neighboring locus lateral cells, expressing maximal levels of brk, and cenfor such elements (Figure 2A ). Restriction fragments tral cells, in which brk expression cannot be detected, from genomic lambda phages were cloned into a lacZ are separated by a seemingly narrow stripe of cells with reporter P element and assayed for regulatory activity graded brk expression. To explore whether position and in vivo. This led to the identification of fragment B14, spatial extent of this population are sensitive to Dpp which faithfully recapitulates all aspects of late embrysignaling levels, we altered the presumptive Dpp signalonic and larval brk expression (Figure 2A ). ing gradient by ubiquitously expressing the inhibitory Interestingly, we found that distal truncations of B14 Smad6 homolog Dad (Tsuneizumi et al., 1997) . Low Dad caused a progressive widening of the lateral expression levels cause a significant expansion of the brk-expressdomains toward the center of wing imaginal discs, while ing domains toward the center of the disc ( Figure 1B , the levels of expression remained constant ( Figure 2A ).
C765-Gal4 UAS-dad at 18ЊC) with an extended, shallow
This observation suggested to us that the brk enhancer gradient of brk levels. Higher levels of Dad ( Figure 1C , consists of two separable entities, a ubiquitously active, same genotype at 25ЊC) produce an even more proconstitutive enhancer element located in the proximal nounced effect with cells along the entire anteroposterhalf and a regulated repression activity encoded by the ior (AP) axis expressing brk. We interpret these observadistal half. tions as indication that different levels of Dpp signaling Both activities were narrowed down by an extensive determine, with an inverse relationship, different levels series of reporter constructs, a small subset of which of brk expression. These experiments taken together is shown in Figures 2B-2D (for details, see legend to with the genetic requirement of brk for regulating target Figure 2 ). Three short fragments (called A, B, and C) genes (data not shown) suggest that the functional Brk were identified that possess repression activities when gradient extends beyond the domain in which graded coupled to the constitutive enhancer represented by brk expression can be detected with reporter genes in construct B38 ( Figures 2B and 2C) . The most potent of wild-type. these short elements, fragment C, was further dissected into a 53 bp element ( Figure 2D ), referred to as S (S for silencer, see below). Its repression function is encoded Brk Expression Levels Control the Activity States in a nonredundant manner, as point mutations abolish of Dpp Target Genes its activity ( Figure 2D and Experimental Procedures). The Dpp target genes vg, omb, and sal are expressed
The dissection of 20 kb of potential regulatory sein nested domains with progressively narrower widths quences into two discrete minimal elements with oppoof activity along the AP axis. The expression of all three site activities, which together reconstitute the hallmarks of these genes is subject to repression by Brk in lateral of brk expression, establishes the basis for our molecuregions of the wing disc (Campbell and Tomlinson, 1999; lar studies. As described below, fragment C and its Jaź wiń ska et al., 1999a; Minami et al., 1999), raising the shorter derivative S serve as a paradigm to study the possibility that different levels of brk alone are able to regulation of brk repression. specify distinct combinations of activity states of these genes. To address this possibility, we asked whether low levels of ectopic Brk expression can repress sal, A Signaling-Regulated Silencer: The brk Repression Element Can Operate Independently of the brk but not omb, transcription, whereas high levels of Brk levels would repress both genes. High levels of ectopic Enhancer, but Its Activity Depends Strictly on Dpp Input Brk expression in the center of the disc were obtained by using a UAS-brk transgene in conjunction with a dppThe activities of the brk regulatory elements were analyzed in diverse imaginal and embryonic tissues ( Figure  Gal4 driver. Low levels of Brk were expressed by the weak constitutive promoter from the tubulin␣1 gene in 3). Invariably, repression activity was maximal in vicinity of well-characterized sources of Dpp, suggesting that marked clones of cells. As shown in Figure 1E , the dppGal4 UAS-brk transgenes cause repression of both sal this activity is dependent on Dpp signaling. To confirm this apparent requirement for Dpp input, the repression and omb transcription. In contrast, the lower levels of brk produced by tubulin␣1Ͼbrk repress only sal, while activity was monitored in wing disc cells lacking the Dpp type I receptor Thick-veins (Tkv). tkv mutant cells omb transcription is not affected. Hence, different levels of Brk expression can elicit distinct outputs.
autonomously lost repression activity (data not shown, but see below), indicating that this repression is strictly Together, the experiments described so far imply that the transcriptional control of brk is a key event in the regulated by Dpp signaling. Reporter constructs exhibiting spatially decreased interpretation of the Dpp morphogen gradient. In order to understand how this morphogen gradient becomes domains of repression can therefore be regarded as less ShnCT and assayed for the presence of the Flag, Myc, or V5 epitope tags by supershift analysis upon addition of the appropriate antibodies. In the absence of ShnCT, the complex contained both Mad and Med proteins as evidenced by supershifts with both the anti-Flag and the anti-Myc antibodies (Figure 7D) . In the presence of V5 ShnCT, the low mobility complex was additionally supershifted by antibodies directed against the V5 epitope. However, when the same low mobility complex was produced with an untagged version of ShnCT, no increase in mobility was observed upon addition of the anti-V5 antibody, confirming the specificity of the assay (data not shown).
From these biochemical experiments, we conclude that Mad, Med, and Shn form a protein complex on the brk silencer element. Nuclear translocation of Mad and Med requires the activation of the Dpp signaling pathway (Raftery and Sutherland, 1999). Since Shn is only recruited to the brk silencer element in the presence of Mad and Med, it can be inferred that the complex can only be established in response to Dpp signaling. Moreover, our finding that both transcriptional repression as well as complex formation critically depend on the presence of the C-terminal three zinc finger motifs supports the notion that the brk silencer element controls brk expression by assembling a Mad/Med/Shn multiprotein complex. ). This autoregulatory action occurs also via the brk silencer element (B.M., unpublished data), sugmorphogen gradient is converted into transcriptional outputs can be largely reduced to the question of how gesting that Brk directly participates in the protein-protein or protein-DNA interactions at this site. Dpp generates an inverse transcriptional gradient of brk expression. We applied an unbiased approach to this Most regulatory events ascribed to Smad proteins to date concern signaling-induced activation of target problem by isolating the regulatory elements of brk. We then identify and characterize a protein complex that gene transcription. In the case of the brk silencer Shn could be regarded as a "switch factor" that converts binds to and regulates the activity of these elements in a Dpp dose-dependent manner.
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